Introduction
============

Bladder cancer is a common malignancy and a primary cause of cancer-related morbidity and mortality in the urinary system worldwide ([@b1-ol-0-0-9142]). In recent years, the incidence of bladder cancer continues to rapidly increase, with approximately 75--85% of the diagnosed tumours non-muscle-invasive bladder cancer ([@b2-ol-0-0-9142]). With the development of detection and diagnostic techniques, most patients can be detected in the early stage and treated by the transurethral resection of tumours combined with standard intravesical chemotherapy or immunotherapy ([@b3-ol-0-0-9142],[@b4-ol-0-0-9142]). However, 50--70% of non-muscle-invasive tumours are susceptible to recur and 10--20% of cases may rapidly progress to muscle-invasive type ([@b5-ol-0-0-9142],[@b6-ol-0-0-9142]). Muscle-invasive bladder cancer is usually accompanied with pelvic lymph node or distant metastasis, leading to poor therapeutic effect and prognosis ([@b7-ol-0-0-9142],[@b8-ol-0-0-9142]). Thus, intravesical chemotherapy or immunotherapy combined with surgery is thus far the most effective treatment strategy for the prevention of tumour recurrence and progress ([@b9-ol-0-0-9142]). Although these adjuvant drugs have exhibited relatively acceptable effects, they are always associated with multi-drug resistance and strong systemic toxicity. Therefore, exploring more effective drugs with lower toxicity will be helpful in preventing and treating the disease.

Bufalin is a major digoxin-like molecular with immunoreactivity derived from Chan Su, a traditional Chinese medicine extracted from the skin and parotid venom glands of the toad ([@b10-ol-0-0-9142]). It can also induce a wide range of pharmacological effects, including cardiotonic, anaesthetic, antitumour, antimicrobial, respiration-improving and so on ([@b11-ol-0-0-9142],[@b12-ol-0-0-9142]). In particular, Bufalin has significant antitumour activity in a wide spectrum of tumour models, such as the inhibition of cell proliferation and angiogenesis, induction of cell differentiation and apoptosis, disruption of the cell cycle, reversal of multidrug resistance and modulation of the immune response ([@b13-ol-0-0-9142],[@b14-ol-0-0-9142]). Numerous studies have indicated that NKA is a main target of Bufalin, and an aberrantly expressed NKA subunit is tightly associated with cell apoptosis and proliferation in several cancers ([@b15-ol-0-0-9142],[@b16-ol-0-0-9142]). However, the effect of Bufalin on cell proliferation and apoptosis of bladder cancer cells has not been thoroughly clarified, and the underlying mediating mechanisms such as antitumour effects remain to be elucidated.

The present study aimed to investigate the antitumour effect of Bufalin on bladder cancer and to determine the possible molecular mechanisms of bufalin mediated by Na^+^-K^+^-ATPase (NKA), focusing on cell apoptosis and proliferation.

Materials and methods
=====================

### Cell lines and cell culture

Two bladder cancer cell lines, T24 and 5637, were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in RPMI 1640 medium supplemented with 10% foetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C with 5% CO~2~.

### Plasmid construction and cell transfection

Human bladder cancer cell line T24 was used to generate cells that express the NKA-α3 subunit. For construction of the vectors, the green fluorescent protein (GFP) coding sequence was inserted in the pIRES-puro vector using EcoRI and NotI digestion enzymes. The coding sequences of the α3 subunit of NKA were ligated into pIRES-puro in frame with GFP. Cell transfection was performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Positive GFP-fluorescent clones were observed under a fluorescence microscope to examine GFP expression. After culture for 48 h, cells were harvested, and total RNA was extracted. Conventional RT-PCR and quantitative real-time PCR (qRT-PCR) were used to detect α3 subunit expression.

### Cell proliferation assay

Cell proliferation was measured using a Cell Counting kit-8 (Beyotime Institute of Biotechnology, Jiangsu, China). After being inoculated into 96-well plates at a density of 2×10^3^ cells/well, cells were stained with 20 µl of CCK8 reagent 48 h after transfection. Two h after incubation, cell viability was measured by detecting the absorbance of samples at 450 nm.

### Cell apoptosis assay

Cell apoptosis was measured by Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining (BD PharMingen, San Jose, CA, USA) following the manufacturer\'s instructions. In brief, T24 cells were collected in 6-well plates at a concentration of 105 cells/ml. Then, Annexin V-FITC (5 µl) and PI (5 µl) were distributed to each well, and the cells were incubated in the dark for 15 min to undergo flow cytometry (BD LSR II; BD PharMingen).

### Quantitative real-time PCR

Total RNA was extracted from cancer cells by using TRIzol Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. After that, all RNAs were reversed transcribed into cDNA using a reverse transcription reagent kit (Takara Biotechnology, Dalian, China). Real-time quantitative PCR was performed via an Applied Biosystems SYBR-Green mix kit and the ABI 7900 Real-Time PCR system (Applied Biosystems Life Technologies, Foster City, CA, USA). Primer sequences are shown in [Table I](#tI-ol-0-0-9142){ref-type="table"}. Relative mRNA expression was normalized to GAPDH. The relative amount of mRNA was calculated using the 2^−∆∆Cq^ method ([@b17-ol-0-0-9142]). All primers are shown in [Table I](#tI-ol-0-0-9142){ref-type="table"}.

### Western blot analysis

Cells were collected and lysed using RIPA buffer with PMSF (Beyotime Institute of Biotechnology) on ice. Protein concentration was qualified using a bicinchoninic acid assay (BCA) kit (Beyotime Institute of Biotechnology). Equivalent amounts of protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel electrophoresis and subsequently transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked in Tris-buffered saline (TBS) containing 5% non-fat milk. After that, membranes were incubated with primary antibody against subunit α1 (cat. no. ab7671), α3 (cat. no. ab2826; both Abcam, Cambridge, UK) and GAPDH (cat. no. 2118S; Cell Signaling Technology, Inc., Danvers, MA, USA) at 4°C overnight, followed by incubation with secondary antibodies, detected by enhanced chemiluminescent (ECL) and qualified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

All data are presented as the mean ± SD. Differences were assessed by a two-tailed Student\'s t-test and one-way analysis of variance (ANOVA), and the Student-Newman-Keuls test was used as a post hoc test after ANOVA. P\<0.05 was considered to indicate a statistically significant difference. All experiments were performed at least 3 times. Statistical analyses were carried out using SPSS 19.0 (SPSS, Inc., Chicago, IL, USA).

Results
=======

### Bufalin inhibits cell viability and induces cell apoptosis in bladder cancer cell lines

To investigate the pharmacological effect of Bufalin on bladder cancer, two bladder cancer cell lines (T24, 5637) were employed to simulate different stages of the tumour ([Fig. 1](#f1-ol-0-0-9142){ref-type="fig"}). A CCK-8 assay was performed to examine sensitivities to Bufalin in tumour cells. As the result showed, compared with 5,637 cells, cell viability of T24 was significantly inhibited by Bufalin at a concentration of 100 nM ([Fig. 1A](#f1-ol-0-0-9142){ref-type="fig"}). A cell apoptosis assay was performed to determine the cytostatic effect of Bufalin. As the result showed, compared with the control group, Bufalin induced remarkable apoptosis in a total of three cell lines, and the apoptosis rate in T24 cells was the most significant ([Fig. 1C](#f1-ol-0-0-9142){ref-type="fig"}). Therefore, T24 cells and 100 nM concentration of Bufalin were used for subsequent research. Western blotting was additionally performed to explore the protein expression of apoptotic phenotypes caspase-3 and Bcl-2. In accordance with our expectation, the expression of caspase-3 was markedly upregulated in contrast with the expression of Bcl-2 ([Fig. 1B](#f1-ol-0-0-9142){ref-type="fig"}). These results demonstrated that Bufalin inhibits tumour cell growth and promotes cell apoptosis in bladder cancer.

### Bufalin-induced apoptosis in bladder cancer cells through inactivation of NKA

To determine whether ATPase is involved in Bufalin-induced cell apoptosis, we examined the expression of three subunits of ATPase (α1, α2 and α3) on protein or mRNA level in T24 cells. The results revealed that the expression of α3-ATPase was significantly inhibited by Bufalin on both the protein and mRNA level, while the expression of α1-ATPase and α2-ATPase was moderately changed ([Fig. 2](#f2-ol-0-0-9142){ref-type="fig"}). These findings suggest that NKA is involved in the cell growth and apoptosis of bladder cancer, and the α3 subunit of ATPase may play an important role among the three subunits.

### α3-NKA overexpression attenuated Bufalin-induced apoptosis in bladder cancer cells

To further investigate the role of α3 subunit of NKA in Bufalin-induced cytostatic effect in bladder cancer cells, we constructed plasmids encoding α3 isoforms of ATPase to overexpress α3-ATPase. The transfection efficiency was examined by western blot analysis. As the western blot result showed, compared with the control group, the expression of α3-ATPase was remarkably upregulated on the protein level ([Fig. 3A](#f3-ol-0-0-9142){ref-type="fig"}). Subsequently, we explored the expression of α3-ATPase, caspase-3 and Bcl-2 under Bufalin treatment by western blotting. As the data showed, compared with the Bufalin group, the expression of α3-ATPase was moderately increased in the α3-isoform overexpression group, while the expression change of caspase-3 and Bcl-2 induced by Bufalin was significantly weakened in α3-isoform overexpressing cells ([Fig. 3B](#f3-ol-0-0-9142){ref-type="fig"}). The results from the cell apoptosis assay showed that compared with the Bufalin group, overexpression of α3-ATPase attenuated Bufalin-induced cell apoptosis ([Fig. 3C](#f3-ol-0-0-9142){ref-type="fig"}). Taken together, these results confirmed that α3 subunit of NKA was the most important subunit in cell growth and apoptosis of bladder cancer.

Discussion
==========

Bladder cancer is one of the most common urological malignant tumours worldwide and is the 6th leading cause of new cancer cases and the 9th leading cause of cancer-associated mortality among all types of cancer ([@b18-ol-0-0-9142],[@b19-ol-0-0-9142]). The majority of non-muscle-invasive bladder cancers can be diagnosed and treated early for their clinical symptoms and signs; however, non-muscle-invasive bladder cancer is vulnerable to recur or progress to invasive-muscle disease, which is considered an aggressive and extremely virulent disease ([@b20-ol-0-0-9142]). Therefore, it is necessary to search for more effective chemotherapy drugs to improve the prognosis and survival of patients. Bufalin is a topoisomerase II inhibitor and is involved in the regulation of the development process of leukaemia, gastric, colon, breast, and ovarian cancer and other malignant tumours ([@b21-ol-0-0-9142],[@b22-ol-0-0-9142]). Based on these results, we aimed to demonstrate that Bufalin may play an antitumour role in bladder cancer cells by downregulation of NKA.

Apoptosis is a self-killing process of programmed cell death that includes a range of cellular, morphological and biochemical changes ([@b23-ol-0-0-9142]). It is known that human mammalian cells exhibit two major pathways of apoptosis: The intrinsic (or mitochondrial) and extrinsic (or death receptor) signal transduction pathways ([@b24-ol-0-0-9142]). It has been demonstrated that the mitochondrial pathway process of apoptosis is regulated by gene expression and its activation may stimulate the degradation of cellular substrates and participate in the pathogenesis of many diseases ([@b25-ol-0-0-9142]). Bcl-2 may prevent the release of cytochrome *c* from the mitochondria to inhibit apoptosis, and caspase-3 is considered the convergence point of multiple apoptosis-activating signals that determines the extent of apoptosis. Its activation means an irreversible commitment to cellular apoptosis ([@b26-ol-0-0-9142]). In previous study, Qi *et al* ([@b27-ol-0-0-9142]) showed that Bufalin can reduce the expression level of Bcl-2 and stimulate the activation of caspase-3 to promote cell apoptosis through mitochondria-mediated pathways in hepatocellular carcinoma cells. One of the major features of Bufalin in the present study is the inhibition of proliferation, a vital process that plays an important role in maintaining normal tissue structure and functions ([@b28-ol-0-0-9142]). Recent studies showed that Bufalin induced cell apoptosis in non-small cell lung cancer, choriocarcinoma and osteosarcoma cells ([@b29-ol-0-0-9142]--[@b31-ol-0-0-9142]). To explore the effect of Bufalin on cell apoptosis and proliferation in bladder cancer, we performed an MTT assay, cell apoptosis assay and western blot. The results showed that the T24 cell line was markedly inhibited and the most sensitive to Bufalin. Moreover, Bufalin treatment resulted in the cleavage of caspase-3 activation while blocking Bcl-2 expression. These results indicated that Bufalin promotes apoptosis and inhibits proliferation in bladder cancer.

NKA is a trans-membrane protein complex in mammals, which pumps three Na^+^ ions out and two K+ ions into a cell per molecule of hydrolysed ATP to regulate the intracellular ion gradients ([@b32-ol-0-0-9142]). Apart from its function as an ion pump, NKA is also a multifunctional protein in signal transduction, cell junctions, adhesion and motility ([@b33-ol-0-0-9142],[@b34-ol-0-0-9142]). NKA contains four isoforms of the α-subunit (α1, α2, α3 and α4) and three of the β-subunit (β1, β2 and β3) in vertebrates, and the α-subunit of NKA is the active subunit participated in the binding of cardiac steroids and NKA ([@b16-ol-0-0-9142],[@b35-ol-0-0-9142]). Generally, the α1 subunit is widely expressed in various cell types, and the α2 subunit is mostly expressed in the heart muscle, skeletal muscle and brain. The α3 subunit is found in the central nervous system, ovaries and placental tissues, and the α4 subunit is restricted to the testes and is synthesized at the stage of spermatogonium ([@b36-ol-0-0-9142],[@b37-ol-0-0-9142]). A number of *in vivo* and *in vitro* studies have confirmed that the α1 and α3 subunit is aberrantly expressed in a wide range of tumours. For example, the expression level of NKA-α1 is upregulated in glioblastoma, lung and skin cancers, while is downregulated in bowel cancer. On the other hand, NKA-α3 is found to be upregulated in rectal and colorectal cancers ([@b38-ol-0-0-9142],[@b39-ol-0-0-9142]). Our results also showed that the expression level of the α3 subunit in bladder cancer cells was significantly upregulated among all α subunits. Furthermore, previous studies have demonstrated that NKA is a main target of Bufalin and is tightly associated with cell apoptosis and proliferation in malignant tumour occurrence and progression. For example, Bufalin induces apoptosis by downregulating NKA in human lymphoblastic leukaemia cells ([@b40-ol-0-0-9142]), and Bufalin suppresses hepatocellular carcinoma cells proliferation by negatively regulating NKA ([@b41-ol-0-0-9142]). In our study, we found that Bufalin significantly inhibited α3 subunit expression in T24 cells. By transfection with α3 isoform overexpressing plasmids, we found that compared with Bufalin groups, cell apoptosis was markedly attenuated in NKA-α3 overexpressing cells. These results suggested that the α3 isoform of NKA played a critical role in Bufalin-induced cell apoptosis.

In conclusion, our study indicated that Bufalin can promote cell apoptosis in bladder cancer, and this cytostatic effect may be ascribed to the inactivation of NKA. These findings implied that Bufalin has the potential to be applied as an effective antitumour medicine in the treatment of bladder cancer.
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![Bufalin inhibits cell viability and induces cell apoptosis in bladder cancer cell lines. (A) Three types of bladder cancer cell lines were exposed to various concentrations of bufalin (1 to 1,000 nM) for 24 h. Cell proliferation was determined with Cell Counting kit-8 assay. (B) Western blotting was performed to examine the expression of Bcl-2 and cleaved caspase-3. (C) Annexin V-FITC/PI assay was performed to analyze cell apoptosis in T24 cells treated with Bufalin. Data are presented as means ± SD of three separated experiments (\*P\<0.05 vs. control group). FITC, fluorescein isothiocyanate; PI, propidium iodide.](ol-16-03-3826-g00){#f1-ol-0-0-9142}

![Bufalin-induced apoptosis in bladder cancer cells through inactivation of Na^+^-K^+^-ATPase. (A) The protein expression of Na+/K+-ATPase α1 and α3 was detected by western blot analysis. GAPDH was used as a loading control. (B) The mRNA level of Na^+^-K^+^-ATPase α1 α2 and α3 was detected by qRT-PCR with specific primers of α1 α2 and α3 isoforms. GAPDH was used as a loading control. Data are presented as means ± SD of three independent experiments (\*P\<0.05 vs. control group). qRT-PCR, quantitative real-time PCR.](ol-16-03-3826-g01){#f2-ol-0-0-9142}

![α3-Na+-K+-ATPase overexpression attenuated Bufalin-induced apoptosis in bladder cancer cells. (A) T24 cells were transfected with vectors containing sequences of α3 subunit of ATPase. Transfection efficiency was determined using western blot. (B) T24 cells overexpressing α3 isoform of ATPase were treated with Bufalin for 2 h. The protein levels of α3 isoform, Bcl-2 and cleaved caspase-3 were detected using western blot. GAPDH was used as a loading control. (C) Annexin V-FITC/PI assay was performed to examine cell apoptosis in transfected T24 cells treated with Bufalin. Data are presented as the mean ± SD of three independent experiments (\*P\<0.05 vs. NC group or Bufalin + NC group). FITC, fluorescein isothiocyanate; PI, propidium iodide.](ol-16-03-3826-g02){#f3-ol-0-0-9142}

###### 

Primer sequences used in quantitative polymerase chain reaction.

  Name               Primer    Sequence 5′ to 3′
  ------------------ --------- -------------------------
  Na+/K+-ATPase a1   Forward   AGTACACGGCAGTGATCTAAAGG
                     Reverse   CAGTCACAGCCACGATAGCAC
  Na+/K+-ATPase a2   Forward   GGAGATGCAAGATGCCTTTCA
                     Reverse   GCTCATCCGTGTCGAATTTGA
  Na+/K+-ATPase a3   Forward   GACCTCATTTGACAAGAGTTCGC
                     Reverse   GGGCAGACTCAGACGCATC
  Bcl-2              Forward   TTTGATTTCTCCTGGCTGTCT
                     Reverse   CTGATTTGACCATTTGCCTG
  Caspase-3          Forward   GACAACAACGAAACCTCCG
                     Reverse   AGGGTTAGCTGCATCGACA
  GAPDH              Forward   ACAGCAACAGGGTGGTGGAC
                     Reverse   TTTGAGGGTGCAGCGAACTT
